The atrial potential duration (APD) restitution has been suggested to play an important role in ventricular fibrillation; however, its role in atrial fibrillation (AF) has not been determined. This study sought to investigate the APD restitution properties in two different AF models: vagally mediated AF and 6-h rapid atrial pacing-induced AF.
Introduction
Previous studies 1 -4 suggested that the vulnerability to ventricular fibrillation is closely linked to action potential duration restitution (APD). Steeply sloped restitution curves are associated with complex unstable dynamics, leading to conduction block, wave breakup, and the initiation of fibrillation. Computer simulations have shown that in models exhibiting APD restitution slopes .1, spiral waves spontaneously break up and degenerate into multiple spirals. 5, 6 Steep restitution slopes contribute to the formation of APD alternans and the maintenance of ventricular fibrillation in experimental preparations. 7, 8 However, most of these hypotheses were developed from experiments on the ventricles, 1 -9 the restitution properties on the atria remain unclear.
A clinical study 10 revealed that the APD restitution slopes in patients with atrial fibrillation (AF) were significantly steeper than normal control, indicating that the restitution properties may have a role in the initiation of AF. However, the characteristics of APD restitution may be not uniform in different mechanisms of AF. In the present study, we investigated the APD restitution kinetics in two main models in current use to study the specific mechanisms responsible for AF: vagally mediated AF and 6-h rapid atrial pacing-induced AF.
Methods

Animal preparation
All animal studies were reviewed and approved by the animal experimental administration of Wuhan University, China. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . Twenty adult mongrel dogs weighing 18-25 kg were anaesthetized with Na-pentobarbital, 30 mg/kg, and followed by additional dose of 2 mg/kg at the end of each hour. All dogs were ventilated with room air by a positive pressure ventilator. Core body temperature was maintained at 36.5 + 1.58C. The chest was entered via both left and right-sided thoracotomy at the 4th intercostal space. Eight multi-electrode catheters were sutured to allow pacing and recording at the left and right atrial appendage (LAA, RAA), left and right atrium (LA, RA), left and right superior pulmonary vein (LSPV, RSPV), and left and right inferior pulmonary vein (LIPV, RIPV) ( Figure 1) . A standard ECG limb lead was continuously recorded, filtered at 0.1 -250 Hz. All tracings from the electrode catheters were amplified and digitally recorded using a computer-based Lab System (Lead 2000, Jingjiang, Inc, China), filtered at 30 -500 Hz. All pacing and stimulation were performed with a battery powered Medtronic stimulator (Model 5837).
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Construction of the APD restitution curves
The monophasic action potential was recorded epicardially by a custommade Ag -AgCl catheter as described in detail in previous reports ( Figure 2A) . 14, 15 The tip electrode protrudes to form a smooth spherical surface 1 mm in diameter. The reference electrode is 0.5 mm in diameter and 5 mm proximal to the tip electrode. The two electrodes were made from cylindrical pellets of sintered Ag -AgCI. The action potential electrograms were filtered at 1 -1200 Hz. The pacing was subsequently delivered to each site by the multiple-electrode catheters, and the pacing and action potential recording were always at the same site. A dynamic steady-state pacing protocol (S1S1) was applied with a series of pulse trains at constant pacing cycle length (PCL). 10, 16 The pulse train was delivered at an initial PCL just slightly shorter than the sinus cycle length and maintained for 30 s to ensure a steady state. After each pulse train was delivered, the PCL was shortened in 10 ms steps until APD alternans ( Figure 2B ) or AF occurred. The pacing was interrupted for 30 s to minimize the pacing memory effects before the next pacing train. The APD alternans threshold was defined as the longest PCL (in 10 ms steps) inducing APD alternans. The APD alternans was assessed at each site from a sequence of beats by subtracting the APD 90 value for two consecutive beats as described in detail by a previous report. 16 The action potential recording and the dynamic pacing protocol were subsequently performed at the LA, LAA, LSPV, LIPV, RA, RAA, RSPV, and RIPV. The monophasic action potential catheter was continuously shifted, and the sites where APD was recorded were marked so that the measurements could be repeated at the same sites after interventions, i.e. vagal nerve stimulation (VNS) and 6-h rapid atrial pacing. The action potential and ECG recordings were analysed by the LEAD 2000B work station system. The APD at each site was measured at 90% repolarization (APD 90 ) at the baseline and the decremental PCLs. Diastolic interval was measured from the end of repolarization time of the preceding beat to the activation time of the following beat (Figure 2A) . The APD restitution curves were constructed by plotting each APD 90 against the preceding diastolic interval. Slope of the shortest diastolic interval was defined as the maximal slope (S max ) of the restitution curve. The S max was calculated using a monoexponential equation as applied in the previous reports. 10, 16 The spatial dispersion of the S max of the APD restitution curve was determined by calculating the coefficient of variation of S max (COV -S max , standard deviation/mean) among the eight recording sites. The spatial dispersion of the APD 90 was defined as the coefficient of variation of the APD 90 (COV-APD 90 , standard deviation/mean) among the eight recording sites. 16 
AF inducibility
AF inducibility was evaluated by the similar dynamic pacing protocol as for constructing of the APD restitution curve. The pulse train was delivered at an initial PCL just slightly shorter than the sinus cycle length and lasted for 5 s. If AF was not induced after termination of pacing, the PCL was shortened in 10 ms steps until AF occurred. The AF threshold was defined as the longest PCL (in 10 ms steps) inducing AF. Based on multiple atrial and PV recordings, AF was defined as irregular atrial activation (.500 b.p.m., .5 s) associated with irregular atrioventricular conduction after the interruption of rapid pacing. 11 -13 The median AF threshold and the mean AF duration at each site were calculated. Atrial action potential restitution 50% decrease in sinus rate or 2:1 atrioventricular conduction block. The APD restitution and the AF inducibility were measured at each site in the presence or absence of VNS.
Protocols
Group II (n 5 12): 6-h rapid atrial pacing-induced AF
Ten dogs underwent rapid atrial pacing (1200 b.p.m., 2 × threshold, 2 ms in duration) deliver from the LAA catheter for 6 h. 12 The APD restitution and the AF inducibility were measured at each site prior to pacing, and at the end of 6 h of pacing. The pacing was not performed in the other two dogs for control.
Statistical analysis
The mean values of the parameters, i.e. APD 90 , S max and AF duration, acquired before and after interventions (VNS or 6-h rapid pacing) were compared using paired t-test analysis. The non-parametric Wilcoxon signed ranks test was applied for comparisons of ranked data, such as the APD alternans threshold and the AF threshold. Probability values of ,0.05 were considered statistically significant.
Results
Group I: vagally mediated AF
In the baseline state, the mean S max of the APD restitution curve was ,1 at all eight sites ( Figures 3 and 4) . There was no significant difference of S max among the eight sites. The APD alternans was observed at each site in every dog during the dynamic pacing protocol ( Figure 2B ). In the baseline state without VNS, although AF was inducible at most sites by rapid dynamic pacing in six of eight dogs, it lasted only 5-7 s (mean 5 + 1 s). AF was induced in the presence of APD alternans in four of six dogs and without observation of APD alternans in the other two dogs; however, the APD alternans was still observed at several beats immediately before the initiation of AF when the PCL was further shortened in these two dogs ( Figure 2C ). For instance, dynamic pacing at a PCL ¼ 160 ms induced AF without observation of APD alternans at any site in an animal. However, when the PCL shortened to 150 ms, APD alternans occurred immediately before the initiation of AF. Bilateral VNS significantly shortened the APD 90 (overall shortening: 28 + 6%, Table 1 ) and flattened the APD restitution curve at each site ( Figures 3 and 4) . The mean S max during VNS was significantly decreased when compared with the values without VNS at all sites (overall value: 0.4 + 0.2 vs. 0.7 + 0.3; Figures 3 and 4) . Furthermore, the PCL inducing APD alternans was significantly decreased by VNS, indicating that the APD alternans was delayed or suppressed by VNS ( Figure 5 ). During VNS, AF was readily induced at each site in all dogs. The PCL inducing AF was significantly longer than that in the baseline state without VNS ( Table 2 ). The mean duration of AF was also significantly increased by VNS (Table 2, 13 + 3 vs. 5 + 1 s, P , 0.01). In six of eight dogs, during VNS, AF was induced in the absence of APD alternans. However, the APD alternans was finally observed immediately before the initiation of AF when the Atrial action potential restitution PCL was further shortened in these six dogs. VNS also increased the spatial dispersion of the S max and APD90 as measured by COV-S max and COV -APD 90 , respectively ( Figure 7 , P , 0.05).
Group II: 6-h rapid atrial pacing-induced AF
Prior to pacing, the mean S max of the APD restitution curve was ,1 at all sites and there was no significant difference of S max among the eight sites ( Figure 3) . The APD alternans was observed at each site in every dog. AF was inducible but not sustained (mean 5 s) during dynamic pacing in seven of 10 dogs ( Table 2 ) and it could not be induced in the other three dogs. In these seven dogs in which AF was inducible, APD alternans was not observed in three of seven dogs before the occurrence of AF unless the PCL was further shortened.
Similar to our previous report, 12 6 -h rapid atrial pacing significantly shortened the APD 90 (overall shortening: 26 + 5%, Table 1 ) and increased the incidence and duration of AF ( Table 2 , 10 + 3 vs. 5 + 0.1 s, P , 0.05). Despite similar shortening of APD, 6-h rapid atrial pacing produced less AF burden than the VNS in terms of AF inducibility and duration ( Table 2) . In contrast to the vagally mediated AF model in Group I, the S max of the APD restitution curve was significantly increased by 6-h rapid pacing at each site (.1 for all sites; overall value: 1.5 + 0.3 vs. 0.7 + 0.3; Figure 3 , Figure 6 , P , 0.05). The AF threshold was defined as the longest PCL (in 10 ms steps) inducing AF. The inducibility of AF gets more difficult as the required PCL decreases. The number in the parenthesis indicates the mean AF duration at each site. *P , 0.05 for comparisons of the values with vs. without VNS in Group I. **P , 0.05 for comparisons of the values after vs. before 6-h rapid atrial pacing in Group II. The animals in which AF was not inducible in the baseline without VNS or prior to pacing were not included in this table; however, AF was easily induced during VNS or after 6-h rapid pacing in these animals. PCL, pacing cycle length. All the other abbreviations are identical to Table 1 and Figure 1 .
The PCL inducing APD alternans was also significantly increased, indicating that the APD alternans was facilitated by 6-h rapid pacing ( Figure 5 ). The APD alternans was observed before the initiation of AF in each case. Six-hour rapid pacing also increased the spatial dispersion of the S max and APD 90 as measured by COV -S max and COV -APD 90 , respectively ( Figure 7 , P , 0.05).
In the other two dogs, 6-h rapid pacing was not performed for control. During the 6-h blanking period, the S max , APD alternans threshold, APD 90 , the inducibility and duration of AF, the spatial dispersion of the S max , and APD 90 did not show significant change (data not shown).
Discussion
Main findings
The present study investigated the characteristics of APD restitution properties in the two widely used AF models. We found that (i) AF was easily induced despite a flat APD restitution (slope ,1) and significant suppression of APD alternans during VNS; (ii) AF was promoted with a steep APD restitution (slope .1), and facilitation of APD alternans after 6-h rapid atrial pacing; (iii) the spatial dispersion of the APD restitution among the eight sites in atria was significantly Figure 6 Representive examples of APD restitution curves before and after 6-h rapid atrial pacing in an animal in Group II. The APD restitution curves were steepened by 6-h rapid atrial pacing at each site.
Atrial action potential restitution increased in both AF models. These results underlined the distinct restitution properties in different AF models.
APD restitution, APD alternans, and AF
Previous studies suggested that, when the slope of the APD restitution curve is greater than 1, a tiny change in the diastolic interval may cause a significant oscillation in APD and subsequently electrophysiological instability. 1 -9 Specifically, in the setting of an APD restitution slope .1, conduction block and wave break may occur, leading to initiation and maintenance of fibrillation. 1 -4 However, this prevailing hypothesis is challenged by observations showing that ventricular fibrillation can be initiated with an APD restitution slope ,1. 17 While the role of APD restitution in the initiation and maintenance of ventricular fibrillation has been the subject of numerous studies and vigorous debate, its role in AF remains unclear. The present study showed distinct APD restitution properties in vagally mediated AF model and 6-h rapid pacing-induced AF model, indicating that the APD restitution may be not uniform in different AF models, and AF could also be easily induced despite a flat restitution curve. Multiple mechanisms were proposed for the phenomenon of APD alternans. 7, 8, 18 An important mechanism is that steep APD restitution causes APD alternans. 7, 8 In the present study, APD alternans was suppressed under the condition of S max ,1 during VNS, and it was facilitated with S max .1 by 6-h rapid atrial pacing, supporting the view that a steep APD restitution contributes to the formation of APD alternans. However, APD alternans was still present with S max ,1 during VNS in several cases in our study, indicating that the steepness of the APD restitution alone could not fully account for the occurrence of APD alternans. A previous clinical study suggested that APD alternans predisposes the atria to fibrillation. 19 However, in our study, the APD alternans was absent before the occurrence of AF in two of six cases in the baseline state and in six of eight cases during VNS. Another recent experimental study by our group 20 found that APD alternans was facilitated while AF was eliminated by ganglionated plexi ablation. These two studies indicated the limitations of APD alternans for predicting AF.
Different APD restitution properties in different AF models
The vagally mediated AF model and the rapid atrial pacing-induced AF model are widely used for studying the mechanisms of AF. A recent study by Katsouras et al. 21 reported that despite similar shortening of atrial refractory period, VNS promotes AF more strongly than rapid atrial pacing. We found similar results in our study ( Table 2 ). An interesting finding of the present study is that, during VNS, AF was readily induced and sustained despite a mean S max of 0.4 -0.8. The similar finding was reported in an isolated canine atrial preparation showing that acetylcholine flattened APD restitution curve but promoted induction of AF. 22, 23 In contrast, after 6-h rapid atrial pacing, AF was facilitated and the APD restitution curves were significantly steepened. This observation in the 6-h rapid pacing dogs was consistent with a clinical report 10 showing that the S max in patients with chronic AF was larger than that in paroxysmal AF patients and patients without AF (1.4 + 0.3 vs. 1.1 + 0.4 vs. 0.5 + 0.3), indicating that the APD restitution may play an important role in the progression of AF in the electrically remodelled atria. However, a previous study by Yue et al. 24 found that rapid atrial pacing reduced the rate adaptation of APD, which in fact best correlates with a flat APD restitution curve. One possible explanation for this inconsistency is that our in vivo study tested a much smaller range of diastolic intervals than Yue's in vitro study, which may produce a small region with very steep restitution over the short diastolic intervals. The difference of APD restitution properties in the two groups may be explained by different mechanisms of AF in different models. A previous study 22 suggested that vagally mediated AF was maintained by rapid and stable re-entry, namely 'mother rotor' as coined by Jalife. 25 The AF was caused by a single or several motor rotors in conjunction with fibrillatory conduction. Flattening of APD restitution curve would be expected to promote the stability of the mother rotor and thereby facilitate the maintenance of AF. However, in the AF model induced by 6-h rapid pacing, namely 'AF begets AF' as coined by Allessie, 26 the AF may be caused by multiple randomly wandering wavelets. In the 'AF begets AF' model, conduction block at multiple sites, continuous wave-break and creation of new wavelets are the drivers of AF. A steeper APD restitution relationship would lead to conduction block, rotor extinction, and creation of multiple spirals. The results of our study revealed specific restitution properties in different mechanisms of AF and supported these hypotheses. Although the APD 90 was shortened in both AF models, VNS and 6-h rapid pacing gave rise to significantly different restitution properties. This observation may be explained by different intracellular Ca 2+ dynamics, which is known to significantly affect the slopes of restitution properties. 27 VNS produced significant increase in IK Ach and decrease in I Ca -L . Lack of fluctuations in I Ca -L may be responsible for the flat APD restitution relationship. However, 6-h rapid pacing induced a significant overloading in intracellular calcium and subsequent changes in a number of ion channel currents and exchangers which are modulated by the concentration of intracellular Ca 2+ . In this scenario, a tiny change in the diastolic interval would promote a prominent fluctuation in action potential, and therefore a steep restitution slope. Although Ca dynamics were proposed to explain the results of this study, further studies regarding the alternation of ion channels are needed to verify these hypotheses.
Spatial dispersion of the APD restitution and AF
The kinetics of the APD restitution was found to show inter-regional variation, indicating that the APD restitution obtained at a single site may not represent the APD restitution kinetics of the whole cardiac chamber. 28 In the present study, although the S max was very different in the two AF models, the spatial dispersion of APD restitution was consistently increased. It is expected that the marked increase in APD restitution dispersion would promote greater heterogeneous refractoriness across the atria, and lead to a significant increase in susceptibility of AF especially at rapid heart rates. In another experimental study by our group, 20 ganglionated plexi ablation reduced the APD restitution dispersion despite an increase in S max (.1) and early presence of APD alternans while eliminating AF. The present study underscored the critical role of spatial dispersion of APD restitution kinetics in the initiation and maintenance of AF.
Clinical implications
A previous clinical report 10 indicated that AF was related to steeply sloped (.1) APD restitution kinetics. However, as indicated by our study, steepness of APD restitution may not be crucial for the initiation and maintenance of AF in patients with 'vagotonic AF'. It is known that triggered activity originating from pulmonary veins is an important mechanism of AF especially in paroxysmal AF patients, but it is less related to alternans and restitution. These observations indicated the limitations of APD restitution for predicting AF in clinical patients. However, this study suggested that the APD restitution may play an important role in the progression of paroxysmal AF to more persistent forms of AF in the electrically remodelled atria.
Study limitations
First, this is an observational study and lack of a mechanistic investigation. Although we suggested that the different APD restitution in the two models may be related to the different mechanisms of AF, i.e. mother rotor hypothesis and multiple wavelets hypothesis; optical mapping is needed to directly show the different drivers of AF in the two models. Second, conduction velocity restitution was not measured in this study. However, since the pacing and the action potential recording were always at the same site, the role of conduction velocity restitution might be not prominent.
Conclusions
The present study addressed important fundamental questions with respect to the distinct restitution properties in different AF models, indicating the limitation of APD restitution for predicting AF. The difference in APD restitution in different models may be explained by the different mechanisms of AF. Spatial dispersion of APD restitution may be critical for the initiation and maintenance of AF.
